The McLafferty rearrangement is an extensively studied fragmentation reaction for the odd-electron positive ions from a diverse range of functional groups and molecules. Here, we present experimental and theoretical results of 12 model compounds that were synthesized and investigated by GC-TOF MS and density functional theory calculations. These compounds consisted of three main groups: carbonyls, oximes and silyl oxime ethers. In all electron ionization mass spectra, the fragment ions that could be attributed to the occurrence of a McLafferty rearrangement were observed. For t-butyldimethylsilyl oxime ethers with oxygen in a b-position, the McLafferty rearrangement was accompanied by loss of the t-butyl radical. The various mass spectra showed that the McLafferty rearrangement is relatively enhanced compared with other primary fragmentation reactions by the following factors: oxime versus carbonyl, oxygen versus methylene at the b-position and ketone versus aldehyde. Calculations predict that the stepwise mechanism is favored over the concerted mechanism for all but one compound. For carbonyl compounds, C-C bond breaking was the rate-determining step. However, for both the oximes and t-butyldimethylsilyl oxime ethers with oxygen at the b-position, the hydrogen transfer step was rate limiting, whereas with a CH 2 group at the b-position, the C-C bond breaking was again rate determining. n-Propoxy-acetaldehyde, bearing an oxygen atom at the b-position, is the only case that was predicted to proceed through a concerted mechanism. The synthesized oximes exist as both the (E)-and (Z)-isomers, and these were separable by GC. In the mass spectra of the two isomers, fragment ions that were generated by the McLafferty rearrangement were observed. Finally, fragment ions corresponding to the McLafferty reverse charge rearrangement were observed for all compounds at varying relative ion intensities compared with the conventional McLafferty rearrangement.
INTRODUCTION
The analysis of cellular aldehyde and ketone species is of considerable importance for the field of metabolomics. [1] [2] [3] Aldehydes and ketones can be formed endogenously by various biochemical pathways. For example, aldehydes can be formed by lipid peroxidation, carbohydrate metabolism and ascorbate autoxidation as well as by various enzymatic processes, such as those involving amine oxidase, cytochrome P-450 or myeloperoxidase. [4] Endogenous ketones, such as acetone and acetoacetic acid, are molecules produced as byproducts when fatty acids are broken down for energy in the liver and kidney. [5] Other ketones, such as b-ketopentanoate, may be created as a result of the metabolism of synthetic triglycerides. [6] Furthermore, ketone bodies, such as acetone, are produced from acetyl-CoA mainly in the mitochondrial matrix of hepatocytes when carbohydrates are so scarce that energy must be obtained from breaking down fatty acids. [7] Acetone is responsible for the characteristic "fruity" odor of the breath of persons with ketoacidosis. [8] To isolate these carbonyl metabolites for analysis by mass spectrometry, their selective conversion into labeled oximes or oxime ether analogs by water-based "click chemistry" (i.e. oximation) has become an elegant and highly chemo-specific approach. [9, 10] Oxime chemistry and subsequent silylations to form silyl oxime ethers have been used to detect and analyze natural and synthetic steroids, [11] trisaccharides [12] [13] [14] [15] and other classes of compounds [16, 17] by gas chromatographymass spectrometry (GC-MS). Oximation proceeds rapidly under mild conditions and is chemoselective in that the aminooxy reaction with carbonyl groups is preferred over the majority of other functionalities. Among other advantages, oxime ethers are potentially suitable as components of dynamic libraries. [18] The study of the major MS fragmentations of these carbonyl derivatives, however, has not received due attention. For example, although the McLafferty rearrangement [19, 20] of carbonyl compounds has been the focus of extensive and continuous research , studies on oximes and silyl oxime ethers have been limited. [9] [10] [11] [12] [13] [14] [15] [16] [17] 37 ] Surprisingly, to date, only one article has reported the McLafferty rearrangement for ketoximes. Bowen and Maccoll observed both single and double McLafferty rearrangement fragments in the mass spectra of various ketoximes under low-energy (12 eV) and low-temperature (350 K) ionization. [37] The characteristics of the McLafferty rearrangement have been described extensively and in great detail. [29] Briefly, the McLafferty rearrangement involves the transfer of an aliphatic hydrogen atom from a g-position to an acceptor group. Carbonyl groups in ketones, aldehydes, carboxylic acids, esters, amides and other derivatives are the most common acceptor groups, but aromatic and heteroaromatic rings can also act as acceptors. Not only does the g-hydrogen atom have to be bound to an sp 3 -hybridized carbon atom, it also has to be sterically accessible to the acceptor group. Hydrogen atom transfer is accompanied by the cleavage of the a-b bond, and this results in the formation of an odd-electron positive ion (enol ion) and a neutral molecule (Scheme 1).
In addition, the McLafferty rearrangement is known to occur with a reverse charge distribution, i.e. generating the neutral enol and the charged alkene fragments. [61] The McLafferty rearrangement can proceed through either a concerted or stepwise mechanism. [29] Various elegant experiments have been performed to probe the mechanistic nature of the McLafferty rearrangement, and to date, in all cases, the results point toward the stepwise mechanism. [33, 39, 42, 53, 57] Various theoretical studies have been performed that confirmed the stepwise mechanism, but some also identified systems that should or could proceed through the concerted mechanism. [23, 38, 40, 48, 65] Finally, in addition to the single hydrogen transfer McLafferty rearrangement, consecutive rearrangements that proceed by a double hydrogen transfer have been reported. [29] In general, one would expect that the McLafferty rearrangement will have to compete with other fragmentation pathways, such as simple bond cleavages that are entropically more favorable. [29] The relative importance of the various fragmentation pathways is determined by their respective kinetics inside the ion source, which is related to the thermochemistry, and can be calculated fairly accurately by applying the RiceRamsperger-Kassel-Marcus (RRKM) theory. [62] [63] [64] In most cases, the potential energy surfaces of the different fragmentation pathways need to be known, and quantum chemical calculations can provide the input parameters for the RRKM calculations. [65] In this article, we report the GC-TOF MS mass spectra for a panel of carbonyl, oxime and silyl oxime ether substrates. We also disclose a systematic computational investigation into the McLafferty rearrangements observed for most of the compound panel to obtain more insight into the intrinsic factors that promote and determine the nature of the McLafferty rearrangement. In particular, we examine the influence of oxygen substitution adjacent to the site of hydrogen atom abstraction in the McLafferty rearrangement as a potential means to promote the fragmentation.
EXPERIMENTAL SECTION Synthesis and structural characterization
The 12-model compounds used in this study ( Fig. 1) were either purchased or synthesized as described in the accompanying Supporting Information.
Gas chromatography-mass spectrometry
The GC/TOF-MS analyses were performed on a LECO Pegasus 
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(Agilent Technologies J&W, Santa Clara, CA) was placed inside the secondary oven after the thermal modulator. The helium carrier gas flow rate was set to 1.0 ml/min at a corrected constant flow via pressure ramps. A 2.0 ml liquid sample was injected into the liner using the split mode (25 : 1), with the injection port temperature set at 250 C. The primary column temperature was programmed with an initial temperature of 60 C for 0.5 min and then increased at a rate of 10 C/ min to 210 C. The secondary column temperature program was set to an initial temperature of 65 C for 0.5 min and then increased at the same temperature gradient employed in the first column up to a temperature of 215 C accordingly. The thermal modulator was set to +20 C relative to the primary oven, and a modulation time of 0 s was used, which allowed the instrument to be operated in the GC/TOF-MS mode. The MS mass range was m/z = 25-500 with an acquisition rate of 10 spectra per second. The ion source chamber was set at 230 C with the MS transfer line temperature set to 225 C, the detector voltage was set at 1600 V, and the electron energy for ionization was set at 70 eV. The ion acceleration voltage was turned on after a solvent delay of 168 s. LECO's ChromaTOF software package (version 4.21) equipped with the National Institute of Standards and Technology (NIST) MS database (NIST MS Search 2.0, NIST/EPA/NIH Mass Spectral Library; NIST 2002) was used for instrument control, spectrum deconvolution and metabolite identification in all experiments. These parameters are baseline offset = 0.5; smoothing = auto; peak width = 1 s; signal-to-noise ratio (S/N) = 4; mass threshold = 100; minimum forward similarity match before name is assigned = 600. The peak true spectrum was also exported as part of the information for each peak in absolute format of intensity values.
Quantum chemical calculations
All structures were optimized at the UB3LYP/6-31 G(d) level of theory [66] with the guess = (mix,always) keyword as implemented in the GAUSSIAN03 suite of programs [67] , unless otherwise noted. Some selected structures were also optimized at the UB3LYP/6-311++G(2 d,2p) level of theory to investigate the effect of a larger basis set. Although B3LYP has been used previously, with success, for studies of neutral and radical cation pericyclic reactions, [68] selected structures were also optimized using UM06-2X/6-31 G(d), [69] UMP2/6-31 G(d) [70] and SCS-UMP2/6-31 G(d) [71] as implemented in GAUSSIAN09 [72] see Supporting Information for details). All stationary points were characterized as minima or transition state structures by vibrational analysis, and intrinsic reaction coordinate calculations [73] were performed for selected transition state structures to confirm their connections to surrounding minima. Structural drawings were produced using Ball & Stick. [74] 
RESULTS AND DISCUSSION
In the Supporting Information, the 70 eV electron ionization mass spectra of the 12 synthesized model compounds are shown, as well as the NMR spectra of new compounds. In all, the fragment ions resulting from the McLafferty rearrangement are present to varying extents. Our GC-TOF MS spectra showed high similarities with the previously published mass spectra of compounds 1 and 2.
[75,76] In all mass spectra, except of compound 2, no molecular ions (M + • ) can be observed. As expected, numerous fragment ions have been generated from the excited molecular ions (M + • * ) that were generated due to electron ionization in the ion source, especially the ones resulting from simple and favorable bond cleavages. Due to the presence of numerous fragment ions, it is challenging to determine the normalized intensity of McLafferty rearrangement fragment ions and to perform some kind of semiquantification to compare the various entries. By comparing compounds 1 and 2, it is clear that ketone functionality enhances the McLafferty rearrangement compared with the aldehyde functionality. A similar pattern is observed when comparing compounds 3 and 4, and this pattern is in agreement with the relative basicity of the carbonyl oxygens. However, in contrast to expectations, when comparing compounds 1 and 3, it seems that introduction of oxygen on the b-position suppresses the McLafferty rearrangement, and a similar observation can be made when comparing compounds 2 and 4, although the extent is much less. In the case of ketone 4, the b-oxygen appears to significantly promote fragmentation via carbonyl alpha cleavage to generate the corresponding acylium ion H 3 CC O + (m/z = 43) by stabilization of the leaving radical fragment • CH 2 On-Pr. The synthesis of the oximes (5-8) and silyl oxime ethers (9-12) gave rise to both the (E)-and (Z)-isomers (except for ketoximes 6 and 8 that were formed in lower E/Z ratios). In the 1 H NMR spectra of these two isomers, unique peaks could be observed, and these were used to determine the E/Z ratio. Data are summarized in Table 1 .
In the total ion chromatograms of the GC-TOF MS experiments, two peaks could be observed (except for 6 and 8 where only the (E)-isomers were detected), originating from the (E)-and (Z)-isomers. There was only partial agreement between the E/Z ratios determined by 1 H NMR and by GC-MS. It could be concluded that extensive (Z)-to-(E) isomerization might have taken place in the GC column or in the heated transfer line. In the case of the isolated oxime fragment (aldehyde system), the (Z)-isomer is 0.1 kcal/mol lower in energy than the (E)-isomer. The barrier height for (E)-to-(Z) isomerization is predicted to be 16.2 kcal/mol in the ionized state, although it is predicted to be 18.5 kcal/mol for the ketone system [UB3LYP/6-31G(d)]. These results do not confirm or exclude isomerization in the ion source as an alternative. In the case of compounds 5-8, the McLafferty rearrangement is more pronounced in the mass spectra of the (E)-isomers than of the (Z)-isomers. No direct McLafferty rearrangement fragment ions can be observed in the mass spectra of the silyl oxime ethers 9-12. However, fragment ions derived from loss of t-butyl radical after McLafferty rearrangement are observed in the mass spectra of compounds 11 and 12 ( Table 2) .
Loss of the t-butyl radical followed by McLafferty rearrangement does not seem plausible for the first loss would create an even electron ion. Although the McLafferty rearrangement has been observed for even electron systems [21, 22, 24, 25, [30] [31] [32] 36, 41, 46, 49, 60] , it seems unlikely to be of great importance for these systems, but it cannot be excluded for we did not investigate this possibility in more detail. The loss of just the t-butyl radical was also observed as the peaks at the highest m/z values, as well as abundant formation of [HOSi(CH 3 ) 2 ] + (m/z = 75). These reactions will be discussed in more detail in the next sections.
In addition to the conventional McLafferty rearrangement reaction, the fragment ions corresponding to the McLafferty reverse charge rearrangement [61] were observed. 
Our calculations indicate that for all systems, with the exception of ethoxyethanal (R=H, X=Y=O; Table 3 , compound 3), the stepwise pathway is favored. [77] Barriers for both steps are somewhat sensitive to the identity of X and Y (Table 3) . Among the three classes of compounds studied, aldehydes/ketones are predicted to have the largest overall energy barriers, whereas oximes have the lowest. Introduction of a more electronegative group at the b-position is expected to facilitate the cleavage of the a-b bond, and this is the case for all systems examined herein (Y=CH 2 vs Y=O). Consequently, for the oximes and silyl oxime ethers with Y=O, the rate-determining step is predicted to be the initial hydrogen transfer step. Although changing from Y=CH 2 to Y=O might be expected to help the hydrogen transfer step as well, because an oxygen can interact favorably with an attached carbon radical, we do not see evidence for this effect. Although fragmentation reactions take place from initially excited molecular ions, an extensive treatment of excitation processes is beyond the scope of this article. Nonetheless, our results reveal the underlying potential energy surfaces for the fragmentation reactions. For entries 9-12, calculations were also performed using the larger 6-311++G (2d,2p) basis set; qualitatively similar results were observed (Table 3) .
Representative computed transition state structures are shown in Fig. 2 . For the one system where a concerted process was predicted to be energetically preferred (X=Y=O), this process was found to involve asynchronous hydrogen transfer and cleavage events. In the transition state structure for this process (3 G • +{ in Fig. 2 ), hydrogen transfer is nearly complete, whereas the C-O bond cleavage has not yet begun. As mentioned earlier, changing the identity of X and/or Y leads to a stepwise mechanism where hydrogen transfer occurs first. A representative transition state structure for hydrogen transfer (5B • +{ ) is also shown in Fig. 2 . In contrast to 3 G • +{ , this transition state structure is early with respect to the hydrogen transfer event; the migrating hydrogen is closer to the carbon from which it originates than to its destination on nitrogen (note that an even earlier transition state structure is predicted with UM06-2X). Changing from Y=CH 2 to Y=O (7B • +{ ) leads to a later transition state structure, however, in which the C-H and H-N distances are similar (Fig. 2) . The identity of Y also affects the degree of bond breaking in the transition state structures for cleavage. For example, C-C cleavage is well advanced in 5D • +{ but has barely begun in 7D • +{ (Fig. 2) .
Why are the barriers for oximes and silyl oximes lower than those for aldehydes and ketones? From the energies shown in Table 3 , it appears that having X = NOR rather than X=O pulls down the energies of B • +{ , C • + and D • +{ relative to that of A • + . This is likely due to a combination of effects, whose magnitudes are difficult to assess: differences in O-H and N-H bond strengths (note that N-H bonds tend to be slightly shorter than do the corresponding O-H bonds in intermediates C • + ), [78] differences in the ability of OH and HONH groups to stabilize adjacent carbocations and changes in interactions across the O-N bond upon hydrogen transfer to oximes and silyl oxime ethers. From the energies shown in Table 3 , it also appears that having Y=O promotes the cleavage process. This is likely due in large part to the greater strength of C=O bonds than C=C bonds, but it may also be due in part to increased s C-R ↔s* C-Y interactions, which should help to break the C-Y bond, when Y=O. [79] In the 70 eV electron ionization mass spectra of silyl oxime ethers 11 and 12, a variety of interesting fragmentation pathways were observed, and the proposed mechanisms are depicted in Scheme 3.
The tert-butyl radical (t-Bu • ) is lost from both isomers of the odd-electron silyl aldoxime and ketoxime species to form corresponding silenium ions (Scheme 3, m/z 174, 188). The (Z)-silenium ions A and (E)-silenium ions B are observed in the spectra of the respective (Z)-and (E)-aldoximes as well as ketoximes. Silenium ions A are stabilized by the proximal ether functionality, and these intermediates give rise to the iminium dioxosilacycles C (m/z 132, 146) on loss of the propyl chain either by elimination of propene, as shown, or possibly by loss of the propyl cation. Formation of C through an ionneutral complex instead of the 1,2-elimination is also a possibility that cannot be ruled out [80] , but we have not investigated this option theoretically in more detail. Finally, it is also possible that C could arise via cyclization of the ionized ether linkage [M Table 3 . H-transfer a from condensed phase acidic solutions. [81] It has to be stated that this might not be applicable in the gas phase and that [M + H] + oximes might behave differently than M + • oximes. However, gas-phase 1 H NMR studies on rotational barriers of neutral amides [82] and N,N-dialkylformamide [83] showed that barrier heights of~20 kcal/mol do not preclude isomerization, and so it seems reasonable to assume that the (E)-to-(Z) isomerization barrier height in the ionized state of 16.2 kcal/mol is not prohibitive in the gas phase. The odd-electron (E)-isomers are structurally poised for g-hydrogen atom abstraction. Subsequent loss of propanal via a,b-bond scission occurs to give the McLafferty rearrangement fragments. The facile loss of t-Bu • occurs here as well to yield E, which likely forms the isomeric 5-membered silacycles (m/z 116, 130) as depicted, whereas a three-membered silacycle was excluded as a realistic option. The McLafferty rearrangement with loss of t-Bu • is observed for both aldoxime isomers and both ketoxime isomers, although the propensity for cleavage via the McLafferty rearrangement is higher for the (E)-isomers.
As reported previously, [84] a characteristic fragmentation observed in the mass spectra of silyl ketoxime ethers is the N-O bond cleavage (Scheme 4). The observed fragment ion is presumably a nitrilium ion derived via a 1,2-shift [85] of the alkyl side-chain concomitant with loss of the silyloxy radical. Nitrilium ions commonly are derived from iminium species. [86] Whereas both isomers of silyl ketoxime ether 10 undergo major N-O bond cleavage, this mode of fragmentation is not significant for any of the ketoximes (Fig. 3) . Furthermore, the (Z)-and (E)-isomers of silyl ketoxime ether 12 appear to undergo N-O cleavage to only a small extent, possibly because the migratory aptitude of the oxygencontaining side-chain is diminished. [85] However, the scarcity of the nitrilium ions for these isomers may be due to the facile loss of acetonitrile, giving the more stable oxonium ion species (m/z 73). The m/z 73 fragment is also populated by the paths described earlier (e.g. species D in Scheme 3). Along these lines, the m/z 73 fragment derived from oxime 8 is the result of the McLafferty rearrangement, which was shown to be the predominant fragmentation for all oximes. The N-O cleavage mode is negligible for all aldoximes and silyl aldoximes (Scheme 4, where R=H). Figure 3 clearly shows the impact of oxygen substitution adjacent to the radical-forming center during McLafferty rearrangement. 
CONCLUSIONS AND FUTURE DIRECTIONS
We have shown experimentally and theoretically that a set of 12 synthesized model compounds, comprised of carbonyl, oxime and silyl oxime ether molecules, undergo the McLafferty rearrangement upon 70 eV electron ionization to varying extents, with the silyl oximes that lack g-radical stabilization (e.g. b-oxygen substitution) having the lowest incidence of such rearrangement. The McLafferty rearrangement is enhanced, relative to other primary fragmentation processes, by oximes (vs carbonyl), oxygen at the b-position (vs b-methylene) and ketones (vs aldehydes). The McLafferty reverse charge rearrangement was also observed to varying extent for most molecules investigated, and its contribution should be added to the relative contribution of the McLafferty rearrangement to compare the overall contribution compared with the other primary fragmentation reactions. The results of density functional calculations indicated that most compounds undergo a stepwise McLafferty rearrangement and that both C-C bond breaking and H-transfer could be the rate-determining step. Only HC(O)CH 2 OC 3 H 7 was predicted to undergo fragmentation via a concerted mechanism. For the silyl oxime ethers, the McLafferty rearrangement was accompanied by the subsequent loss of the t-butyl radical. Finally, we observed that oximes and silyl oxime ethers were obtained as both the (E)-and (Z)-isomers and that the extent of the McLafferty rearrangement was higher in the (E)-isomers. Future work will include the synthesis of some novel oximes and additional calculations to help elucidate the mechanisms of the unusual fragmentation reactions we have observed in this work and to study the McLafferty reverse charge rearrangement of oximes in more detail. 
